Introduction is expressed with linear homopolymers composed of negatively charged N-acetylneuraminic acid residues Modifications of synaptic efficacy are believed to play (polysialic acid [PSA] ) linked to its fifth immunoglobulinan important role in information processing and storlike domain (Finne et al., 1983) . Its regulated addition to age by neuronal networks. Two forms of long-lasting NCAM results in an attenuation of interactions mediated changes have thus far been described at excitatory synby NCAM (Sadoul et al., 1983) , but also by other adheapses in the CNS. One, long-term potentiation (LTP), is sion molecules (Zhang et al., 1992) . It has thus been induced by brief periods of high frequency stimulation hypothesized that cells expressing polysialylated isoand results in an increase in the efficacy of transmission forms of NCAM have a marked increased capacity for (Bliss and Lomo, 1973) , whereas the other, long-term structural plasticity (Doherty et al., 1990 (Doherty et al., , 1995 Zangh depression (LTD) , is produced by long periods of low et al., 1992; Rougon et al., 1993) . Accordingly, we found frequency trains and is characterized by a reduction of that in a model of lesion-induced sprouting in hippocamsynaptic efficacy (Dudek and Bear, 1992) . Recent results pal organotypic slice cultures (Stoppini et al., 1993) , have shown that these two forms of plasticity can be production of a lesion was associated with a marked generated in succession at the same synaptic contacts reexpression of PSA-NCAM . In addi- (Mulkey and Malenka, 1992; Dudek and Bear, 1993) , tion, elimination of the PSA moieties by treatment with indicating that the level of synaptic efficacy is finely a selective endoneuraminidase (Endo-N) significantly delayed the recovery process. regulated at each individual synapse by activity. (A) and (B) Light microscopic images of PSA immunostainings in the CA1 area of 15-dayold slice cultures from rat (A) and from NCAMdeficient mice (B) . Note that in the rat tissue (A) the PSA staining is expressed at the cell surface on both the soma and the dendritic arborization, whereas in cultures from transgenic mice, no specific PSA staining is present. Scale bars, 20 m. (C)-(E) Electron microscopic images of PSA immunostainings of rat slice cultures. Note the punctuate distribution of the diaminobenzidine reaction product present on both axonal (A) and dendritic (D) structures. Scale bars, 0.4 m (C) and 1.3 m (D and E). (D) and (E) PSA immunostaining is present within the synapse on both presynaptic and postsynaptic membranes.
In the present study, we investigated further the role NCAM antibodies revealed that PSA-positive structures were always immunostained for NCAM (data not shown). of PSA-NCAM in the mechanisms of synaptic plasticity. We took advantage of the availability of Endo-N (Vimr In contrast, double staining with anti-PSA and anti-glial fibrillary acidic protein (GFAP) antibodies showed little et al., 1984) and of NCAM-deficient mice (Cremer et al., 1994) to examine the roles of PSA and NCAM in the inoverlap, suggesting that the PSA labeling was essentially of neuronal origin (not shown). Also, Figure 1B duction of LTP or LTD. In addition, by analyzing the conditions that allowed recovery of PSA-NCAM at the shows that the anti-PSA monoclonal antibody used in this study reacted only with PSA on NCAM, since no cell surface after enzymatic cleavage, we provide evidence that neuronal and synaptic activity are implicated staining could be detected in mice lacking the NCAM gene and thus deficient in both NCAM and PSA-NCAM. in the control of its reexpression.
These results were confirmed by analyzing tissue sections stained using the preembedding immunoperoxydase technique. These experiments showed PSA immuResults noreactivity on the surface of axonal as well as dendritic profiles ( Figure 1C ). Analyses of synaptic profiles further PSA-NCAM Expression in Hippocampal indicated the presence of PSA immunoreactivity on the Organotypic Cultures presynaptic terminal at the level of the synaptic cleft Most experiments in this study were carried out using (Figures 1D and 1E) . Staining was also found on postsynhippocampal organotypic slice cultures prepared from aptic membranes, although its presence at the level of 7-day-old Sprague-Dawley rats maintained 10-20 days the postsynaptic density was more difficult to evaluate. in vitro. Throughout this period, hippocampal cultures
In control experiments, no diaminobenzidine reaction expressed high levels of PSA-NCAM. Intense labeling product was detected when the primary antibody was was found on neuronal perikarya and dendritic arborizaomitted or when the cultures had been treated with tions in all subdivisions of the hippocampus, including Endo-N, an endoneuraminidase that selectively rethe CA1 pyramidal layer ( Figure 1A ). Punctuate immunomoves the PSA moieties of the NCAM molecules (Vimr fluorescence was observed all over the neuropil. Double-labeling of the same cultures with anti-PSA and antiet al., 1984).
Blockade of LTP by Endo-N Treatment
To investigate the role of PSA on NCAM in synaptic plasticity, organotypic slice cultures were treated for 12 hr with Endo-N. Under our experimental conditions (0.8 U/ml), this time of incubation was necessary and sufficient to remove PSA completely (see Figure 7B ). The Endo-N treatment did not affect the viability of organotypic slice cultures. This was checked both by analyzing at the light and electron microscopic levels the state of preservation of the tissue and by electrophysiological recordings of evoked and spontaneous activity. At the microscopic level, no evidence of cell swelling, cell death, or modifications of synaptic structures was observed in cultures maintained for 24 hr in the presence of the enzyme. In addition, no differences were found in either the size of the maximal excitatory postsynaptic field potentials (EPSPs) recorded in the CA1 area before and after Endo-N treatment (4.6 Ϯ 0.3 mV versus 4.5 Ϯ 0.2 mV, n ϭ 6) or in the ratio of paired-pulse facilitation evoked using a 50 ms interpulse interval (54% Ϯ 7% versus 47% Ϯ 6%, n ϭ 6). Finally, intracellular recordings carried out in control and treated cultures showed no differences in the resting membrane potential (Ϫ63 Ϯ 1.8 mV versus Ϫ62.5 Ϯ 1.5 mV, n ϭ 5 and 8, respectively), input resistance (109 Ϯ 9 MOhm versus 104 Ϯ 7 MOhm, n ϭ 5 and 8, respectively), or characteristics of the action potential or firing properties. We assumed, therefore, that treatment of organotypic slice cultures with Endo-N did not affect basic physiological parameters of the tissue.
In contrast, we reproducibly found that Endo-N treatment markedly impaired induction of synaptic plasticity in these organotypic cultures. which LTP was induced 2-4 hr after application of Endo-N, i.e., under conditions where PSA was not yet robust LTP was induced in four cells from four different completely removed by the enzyme, as indicated by control cultures using a pairing protocol (77% Ϯ 8% immunohistochemistry, potentiation was still present LTP, n ϭ 4). In contrast, no potentiation was obtained (58% Ϯ 6%), although smaller. In addition, if Endo-N using the same procedure in pyramidal neurons of was removed from the culture medium and the slices treated cultures (Ϫ5 Ϯ 5% LTP, n ϭ 4, p < 0.01, t test). tested 10-24 hr after washout of the enzyme, high freThus, blockade of LTP was not linked to the induction quency stimulation reinduced synaptic potentiation protocol used. (Figure 2C ; 65% Ϯ 10%, n ϭ 5). Immunohistochemical analyses carried out at that time (i.e., 10-24 hr after Decaying LTP in NCAM-Deficient Mice washout of Endo-N) indicated that PSA staining was
To verify further that the inhibition of LTP obtained after indeed reexpressed in the neuropil of organotypic culEndo-N treatment resulted from the selective elimination tures (see Figure 7C ). There was thus a clear correlation of the PSA portion of the NCAM molecules, we took between the capacity to induce LTP in these cultures advantage of the availability of NCAM-deficient mice in and the level of PSA immunoreactivity.
which the gene coding for all NCAM isoforms has been To confirm this result, we then verified that the LTP deleted. These mice are thus completely devoid of the induced intracellularly using a pairing protocol was similarly affected by Endo-N treatment. As shown in Figure 3 , NCAM protein and express less than 5% of wild-type PSA levels (Cremer et al., 1994) . As illustrated in Figure  from NCAM-deficient mice only induced a slowly decaying potentiation that was unaffected by further treat-4, these mice also expressed a deficient LTP. Whereas theta burst stimulation induced robust potentiation of ment with Endo-N. We observed that 30 min after stimulation the levels of potentiation measured in cultures the EPSP slope in control mice (80% Ϯ 8%, n ϭ 4), only a slowly decaying form of LTP was obtained in NCAMfrom control animals and NCAM-deficient mice treated or not treated with Endo-N were 87% Ϯ 6% (n ϭ 4), deficient animals (22% Ϯ 7% potentiation remaining after 30 min; n ϭ 9, p < 0.01). In only two out of the nine 16% Ϯ 3% (n ϭ 5), and 19% Ϯ 4% (n ϭ 4), respectively. slices tested was LTP larger than 20% 30 min after stimulation, and this level continued to decrease over Endo-N Treatment Does Not Affect NMDA Receptor-Dependent Responses the next 30 min. In four slices, the LTP obtained 1 hr after stimulation was 13% Ϯ 2%.
Since LTP induction is critically dependent upon NMDA receptor activation, we then tested whether Endo-N Analyses of organotypic slice cultures prepared from NCAM-deficient mice showed very similar results (Fig- treatment could have affected NMDA responses. To this end, we first analyzed the NMDA receptor-dependent ure 4B). Theta burst stimulation applied to slice cultures component of the burst responses used to induce LTP with the theta burst protocol. For this analysis, we used a priming protocol (Muller and Lynch, 1988) . Two electrodes were placed on both sides of the recording pipette in the organotypic cultures. One electrode was used to activate a group of synapses 200 ms before the test response so as to activate inhibition and prime the burst response elicited on the test input. Previous work had shown that under these conditions inhibition is essentially eliminated on the test primed burst response and that a significant component of the burst response is in this case due to activation of the NMDA receptor (Larson and Lynch, 1986) . This component can easily be identified and measured by comparing primed burst responses before and after application of the NMDA receptor antagonist D-AP5. As shown in Figure 5A , treatment of organotypic cultures with Endo-N did not affect the NMDA receptor-dependent component of the burst response. It represented the same fraction of the response area as it did under control conditions (22% Ϯ 2% versus 24% Ϯ 3% in control and Endo-N-treated cultures, respectively, n ϭ 4).
As a further test, we also investigated, using wholecell patch-clamp techniques, whether pure NMDA receptor-dependent responses could be recorded in Endo-N-treated cultures. As illustrated in Figure 5B , afferent stimulation in the presence of CNQX (10 M) and bicuculline (10 M) reproducibly elicited a synaptic re- In another series of experiments, we investigated whether Endo-N treatment also affected LTD induction induced a lasting depression of synaptic efficacy in the by trains of low frequency stimulation. Similar to what four control cultures tested (41% Ϯ 5%). Washout of was observed in LTP experiments, low frequency stimuthe enzyme also resulted after 10-24 hr in a recovery of lation failed to generate LTD in four Endo-N-treated cultures (2% Ϯ 3%), whereas low frequency stimulation LTD (36% Ϯ 4%, n ϭ 4, see Figure 6 ).
observed staining had a characteristic punctiform aspect very suggestive of a synaptic localization. To investigate the mechanisms that could account for this reexpression of PSA following Endo-N treatment, we compared the staining obtained in organotypic cultures treated with different media during the washout period. In all these experiments, slices were first incubated for 12 hr with Endo-N and then maintained in regular culture medium for the first 8 hr of the washout period. The last 2 hr of the washout period were then carried out under three different conditions: first, in the presence of regular culture medium; second, in the presence of TTX (1 M), a sodium channel blocker; and third, in the presence of bicuculline (10 M), a competitive inhibitor of ␥-aminobutyric acid (GABAA) receptors. Using electrophysiological recordings, we verified that TTX blocked evoked and spontaneous activity, whereas bicuculline markedly enhanced the basal spontaneous activity detected under control conditions and usually triggered epileptiform discharges. As illustrated in Figure 7 , the recovery of PSA immunostaining following Endo-N treatment also differed markedly under these various conditions. No or very little staining was observed when the last 2 hr of the washout period were carried out in the presence of TTX, which suppresses sodium-dependent action potentials ( Figure 7E ). In contrast, reexpression occurred fast and massively when spontaneous activity was enhanced by bicuculline ( Figure 7D ). These differences were extremely robust and reproducible in four independent sets of experiments that involved the analysis of 64 individual cultures. Within a given experiment, the presence of TTX ( Figure 7F ).
Discussion

Activity-Dependent Expression of PSA-NCAM
Since PSA-NCAM is required for activity-dependent synaptic plasticity, we postulated that its expression at
In the present study, we provide evidence that elimination of the PSA moieties of the NCAM molecule using the cell surface could also be controlled by neuronal activity. We previously developed an in vitro model of the endoneuraminidase Endo-N reversibly prevents induction of LTP and LTD in CA1 hippocampal slice culdispersed cortical neurones in which Endo-N was used to eliminate preexisting PSA and the effect of activity tures. The blockade of LTP was observed both using theta burst stimulation and field potential recordings on the subsequent reexpression of PSA monitored by an immunocytochemical assay . We and an intracellular pairing protocol. The effect could not be attributed to a blockade of NMDA receptoradopted here the same strategy to explore the possibility that neuronal and synaptic activity are involved in dependent synaptic responses. In addition, by analyzing the recovery of PSA immunoreactivity at the cell surface the regulation of PSA-NCAM expression in the neuropil of the hippocampal network.
following washout of the enzyme, we obtained evidence that reexpression of PSA in the neuropil of the CA1 As already mentioned, the recovery in LTP and LTD observed after washout of the enzyme correlated with dendritic field is modulated by neuronal and synaptic activity, thus providing a mechanism by which adhesion the reexpression of PSA in dendritic areas. Figure 7 shows confocal microscopic images of the neuropil of molecules and specifically PSA-NCAM could contribute to synaptic plasticity. CA1 hippocampal cultures fixed before ( Figure 7A ) and 12 hr after treatment with Endo-N ( Figure 7B ), as well These conclusions were reached through the use of two major tools. First, we used a monoclonal antibody as 10 hr after washout of the enzyme ( Figure 7C ). The (anti-Men B, Rougon et al., 1986 ) directed against the blockade of LTP and LTD reported here is likely to reflect a selective effect of this enzyme on PSA-NCAM. First, PSA portion of the NCAM molecule. Previous work carried out using Western analyses indino evidence was obtained in this study that other physiological parameters were altered by treatment with cate that this monoclonal antibody binds with high specificity to PSA on NCAM. It is significant in this respect Endo-N. Basal-evoked and spontaneous synaptic transmission was unaffected; short-term forms of plasticity that less than 5% of the levels of wild-type PSA immunoreactivity are expressed in NCAM-deficient mice such as paired-pulse facilitation were unchanged; AMPA and NMDA receptor-dependent components of synap- (Cremer et al., 1994) and that no staining was found in organotypic cultures prepared from these transgenic tic responses were unchanged; intracellular recordings showed no differences in resting membrane potential, animals. It seems safe, therefore, to interpret the differences seen using immunohistochemistry as reflecting input resistance, or action potential characteristics; morphological analyses of cultures, neurones, and synchanges in the expression of PSA-NCAM at the cell surface. The second tool used to interfere with the exapses at the light and electron microscopy level revealed no detectable structural differences after treatment with pression of PSA on NCAM is the endoneuroaminidase Endo-N. The enzyme cleaves the ␣-2-8-linked polysialic the enzyme. Taken together, these observations support the interpretation that Endo-N treatment did not alter acid residues that have mainly, if not exclusively, been described in association with the NCAM molecule (Vimr cellular viability and regular synaptic functions. Second, using various electrophysiological approaches, we et al. , 1984) . There is one report describing the association of polysialic residues with the voltage-dependent could not detect any alterations of NMDA receptordependent synaptic responses, indicating that the Na ϩ channel (Zuber et al., 1992) . However, it remains unclear whether PSA on Na ϩ channels is affected by blockade of LTP observed following Endo-N treatment could not simply be attributed to a nonspecific alteration Endo-N, and, moreover, the results described here are unlikely to be related to a nonspecific action on Na ϩ of NMDA currents. Third, the effect was entirely reversible and the time course of blockade and recovery of channel function, since no effects on evoked synaptic transmission and intracellularly recorded action poten-LTP corresponded remarkably well to the time course of elimination and reexpression of PSA as visualized tials were detected. It remains that a critical issue for the interpretation of the present data is to determine using immunohistochemistry. All these observations therefore support the interpretation that the blockade whether Endo-N treatment could have affected specific parameters of synaptic and cellular functions other than of LTP and LTD observed following Endo-N treatment is specifically related to the degradation of the polysialic PSA on NCAM. Although this possibility is difficult to exclude, the following considerations suggest that the portions of the NCAM molecule. This interpretation is further strengthened by the results obtained in acutely al., 1992). In this example, serotonin-mediated induction of synaptic potentiation was associated with a retrieval prepared slices and slice cultures from NCAM-deficient mice, which lack all NCAM proteins (Cremer et al., 1994) of the apCAM molecule from the presynaptic membrane through a mechanism of endocytosis (Bailey et al., and also exhibited a progressively decaying LTP. It is of interest that the blockade of LTP was stronger and 1992). In both Aplysia and hippocampus, however, neuronal and synaptic activity, by modulating the cell surfaster in Endo-N-treated cultures than in NCAM-deficient animals (Figure 2 versus Figure 4 ) and that this face expression of molecules such as apCAM and PSA-NCAM, could promote an anti-adhesive environment, was not altered by further treatment with the enzyme. This observation both argues against a nonspecific efwhich, in turn, could represent a permissive step for synaptic plasticity and, eventually, synapse reorganizafect of Endo-N and raises the possibility of compensatory mechanisms in the transgenic animal. It should also tion (Bailey and Kandel, 1993; Rougon et al., 1993; Doherty et al., 1995) . Alternatively, it is also possible that be mentioned that the decaying LTP observed in Endo-N-treated cultures and transgenic mice does not allow activity-dependent modifications in the level of expression of adhesion molecules and PSA-NCAM can affect, us to conclude whether the role of PSA-NCAM is more important for the induction or maintenance of LTP. Owthrough homophilic and heterophilic interactions, intracellular transduction mechanisms and second messening to the duration of Endo-N treatment, this issue could not really be addressed. Taken together, these experiger systems (Schuch et al., 1989; Klinz et al., 1995; Williams et al., 1995) . This could be of importance for ments support the notion that the levels of expression of NCAM and PSA-NCAM are important not only for induction of synaptic plasticity. In any event, the present results, by allowing us to establish a link between synapproperties of structural plasticity such as migration (Ono et al., 1994; Wang et al., 1994) , sprouting, and axonal tic activity, expression of adhesion molecules, and synaptic plasticity, provide a new framework for undergrowth (Doherty et al., 1990; Zhang et al., 1992; , but also for activity-induced forms of plasticity standing the complex interactions associating neuronal activity to the reorganization of synaptic networks. such as LTP and LTD. This is consistent with the results of recent reports indicating that antibodies or specific , 1994) , and this leads to the conclusion that members Organotypic hippocampal slice cultures were prepared from 7-dayof the adhesion molecule family may be critically imporold neonatal Sprague-Dawley rats and maintained in culture for tant for and contribute to the mechanisms of synaptic 10-15 days on a porous and translucid membrane at the interface plasticity that are believed to underlie information probetween medium and a CO 2 -enriched atmosphere (see Stoppini et al., 1991) . The culture medium was a mixture of 50% MEM, 25% cessing by the brain.
horse serum, and 25% Hank's solution buffered to pH 7.2 by addition How these molecules contribute to synaptic plasticity of 5 mM Tris and 4 mM NaHCO3. Penicillin and streptomycin were still remains essentially unknown. We previously proadded to this medium. Slice cultures were usually maintained [10] [11] [12] [13] [14] [15] posed that, under some circumstances, PSA-NCAM can days in vitro before being tested. Hippocampal slices (400 m thick) be translocated to the cell surface via regulated exowere also prepared from adult (3-4 months old) transgenic mice cytosis . The results of the present lacking the NCAM gene (Cremer et al., 1994) by decapitation and rapid dissection of the hippocampus and tested on the same day. study provide further support for this hypothesis and suggest that expression of PSA-NCAM at the synapse immunostaining experiments carried out at the electron nitroquinoxaline-2,3-dione), and bicuculline were purchased from microscopy level (Figures 1D and 1E) show that PSATocris Neuramin (Bristol, U.K.). Endo-N was purified in our laboratory NCAM is indeed present at the synapse, on presynaptic from phage K1. Its activity was titrated to be 3500 U/mg, with a concentration of protein of 1 mg/ml in the stock solution. The enand probably also on postsynaptic structures. The exzyme was used at a concentration of 0.8 U/ml. The anti-PSA antiperiments illustrated in Figure 7 indicate that the expresbody (Men B, clone B1.2) is a mouse IgM antibody (1:400 dilution sion at the cell surface of the PSA-NCAM molecule in of ascites fluid) that recognizes specifically ␣-2-8-linked PSA with dendritic and synaptic regions has a fast turn-over, since chain length superior to 12 residues. The rabbit antiserum directed modifications of the incubation medium during the last against NCAM protein core was a site-directed antibody recognizing 2 hr of the washout period were sufficient to markedly the seven NH2-terminal residues of NCAM in the sequence (1:1000 dilution). A rabbit polyclonal antibody (Ab) (Dakopatts, Denmark) to affect recovery. Reexpression was completely pre-GFAP was used (1:200 dilution) to identify astrocytes.
vented by TTX, a blocker of sodium-dependent action potentials, and by low calcium medium, which blocked Electrophysiology transmitter release. On the other hand, reexpression was For electrophysiological recordings, organotypic slice cultures and enhanced by bicuculline, an antagonist of GABAergic acutely dissected hippocampal slices were maintained in an interinhibition, which markedly increased spontaneous activface chamber under continuous perfusion with a medium containing ity. These observations are thus in agreement with the the following: 126 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 1.5 mM MgSO 4, 2.5 mM CaCl2, 22 mM NaHCO3, 10 mM D-glucose, and results obtained using dissociated neuronal and pancre-2 mM ascorbic acid; the pH was 7.4 and the temperature 33ЊC.
atic cells in culture , as well as with Stimulation and recordings of extracellular field potentials was prothe recent finding that specific patterns of activity moduduced by placing one or two electrodes made of twisted nichrome late the expression of the cell adhesion molecule L1 on wires on one or both sides of a recording pipette placed in the growing axons (Itoh et al., 1995) . Interestingly, in Aplysia, stratum radiatum of the CA1 area. The recording pipette was filled an NCAM-related molecule (apCAM) was also found to with medium. Synaptic responses were recorded using an Axoclamp 2A amplifier and the initial slope, amplitude, decay time, and area be involved in long-term synaptic plasticity (Mayford et were analyzed on-line and stored for statistical analyses. To induce Electron Microscopic Immunocytochemistry For electron microscopy, cultures were fixed in ice-cold (4ЊC) 4% LTP, we used theta burst stimulation, a pattern consisting of five bursts applied at 5 Hz with each burst being composed of four pulses paraformaldehyde and 0.1% glutaraldehyde in sodium buffer for 2 hr, then processed by the preembedding immunoperoxidase techat 100 Hz. To maximize LTP induction, this pattern of stimulation was applied twice at 10 s intervals. To induce LTD, we applied long nique, as described previously (Kiss et al., 1993) . In brief, cultures were preincubated in PBS/0.5% BSA/0.31% Saponin/0.1% gelatine trains of 7 min at 1 Hz. The responses during the trains were not recorded, and for convenience these periods are not illustrated on for 12 hr, incubated with the primary antibody (anti-PSA 1:1000 in PBS/0.5% BSA/0.1% saponin) at 4ЊC for 24-36 hr, washed in PBS the graphs. All values of LTP and LTD reported here were calculated as the changes in EPSP slope measured 25-30 min after stimulation.
for at least 4 hr, incubated in anti-mouse IgG and IgM conjugated to peroxydase (Boehringer Mannheim, Rotkreuz, Switzerland) for 24 Intracellular recordings were carried out using the blind wholecell patch-clamp technique (Blanton et al., 1989) . Pipettes (5-10 hr. After washing in PBS, cultures were immersed in 3,3-diaminobenzidine tetrahydrochloride (Sigma). Standard controls (omission of MOhm) were filled with a medium containing the following: 100 mM K-gluconate, 30 mM CsCl, 8 mM NaCl, 5 mM EGTA, 20 mM Hepes, primary serum, Endo-N-treated cultures) were run parallel. Sections 1 mM CaCl2, 2 mM MgCl2, 0.2 mM Mg-GTP, 2 mM Na-ATP, (pH to be used for electron microscopy were osmicated, dehydrated, 7.25). Input resistance was continuously monitored and LTP was and embedded in Epon. Thin sections (without uranyl acetate and induced by pairing a 2 Hz stimulation (same strength as baseline) for lead citrate) were examined in a Philips CM10 electron microscope. 60 s with a depolarization of the cell to Ϫ10 mV. In the experiments in which we analyzed NMDA receptor-dependent synaptic responses, Acknowledgments we used an axoclamp 2A amplifier and single-electrode voltageclamp techniques (series resistance compensation set to 70%-80%, This work was supported by grants from the Swiss Science Foundaaccess resistance between 10-20 MOhm). In these experiments, tion (Fonds National de la Recherche Scientifique 100-040815) and the extracellular medium contained CNQX (10 M) and bicuculline the Sandoz Foundation to D. M., Fonds National de la Recherche (10 M). For measurements of spontaneous synaptic activity, piScientifique 31-42513.94 to J. Z. K., 7UKJ041411 to G. S; H. C. was pettes were filled with 130 mM Cs-gluconate, 8 mM NaCl, 5 mM supported by an EMBO fellowship. EGTA, 20 mM Hepes, 1 mM CaCl2, 2 mM MgCl2, 0.2 mM Mg-GTP,
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solely to indicate this fact. (1989) . Whole cell IgM, or IgG preimmune sera or secondary antibodies alone showed recording from neurons in slices of reptilian and mammalian cerebral no staining. In double immunolabeling experiments, the use of only cortex. J. Neurosci. Meth. 30, 203. one primary antibody followed by the addition of both anti-mouse Bliss, T.V.P., and Lomo, T. (1973) . Long-lasting potentiation of syn-FITC and anti-rabbit TRITC-conjugated secondary antibodies reaptic transmission in the dentate area of anaesthetized rabbit followsulted in only single labeling. Endo-N treatment completely aboling stimulation of the perforant path. J. Physiol. (Lond.) 232, 331-ished PSA immunostaining (see Figure 7) without affecting NCAM 356. or GFAP staining. Buchs, P.-A., and Muller, D. (1996) . Induction of long-term potentiaConfocal microscopy (Bio-Rad MCR 600 confocal laser scanning tion is associated with major ultrastructural changes of activated microscope [CSLM] Cremer, H., Lange, K., Christoph, A., Plomann, M., Vopper, G., Roes, Endo-N treatment . In brief, the dendritic layers J., Brown, R., Baldwin, S., Kraemer, P., Scheff, S., et al. (1994) . of the CA1 subdivision were randomly sampled using a 63ϫ oil Inactivation of the N-CAM gene in mice results in size reduction immersion Plan-l objective. A series of 0.9 m optical sections was of the olfacory bulb and deficits in spatial learning. Nature 367, obtained and the third and fourth sections from the surface of the 455-457. cultures were systematically used and analyzed. Images of PSA Doherty, P., Cohen, J., and Walsh, F.S. (1990) . Neurite outgrowth in (rhod) of each selected region were collected and stored on Plasmon response to transfected N-CAM changes during development and Optical Disc. Five to ten images were generated for each culture.
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